ATP-binding cassette (ABC) transporters are associated with poor response to chemotherapy, and confer a poor prognosis in various malignancies. However, the association between the expression of the ABC sub-family G member 4 (ABCG4) and prognosis in patients with non-small-cell lung cancer (NSCLC) remains unclear. NSCLC tissue samples (n = 140) and normal lung tissue samples (n = 90) were resected from patients with stage II to IV NSCLC between May 2004 and May 2009. ABCG4 mRNA and protein expressions were detected by RT-PCR, western blot, and immunohistochemistry. Patients received four cycles of cisplatin-based post-surgery chemotherapy and were followed up until May 31 st , 2014. ABCG4 positivity rate was higher in NSCLC than in normal lung tissues (48.6% vs. 0%, P<0.001) and ABCG4 expression was significantly associated with poor differentiation, higher tumor node metastasis (TNM) stage, and adenocarcinoma histological type (all P<0.001). Univariate (HR = 2.284, 95%CI: 1.570-3.324, P<0.001) and multivariate (HR = 2.236, 95%CI: 1.505-3.321, P<0.001) analyses showed that ABCG4 expression was an independent factor associated with a poor prognosis in NSCLC. Patients with ABCG4-positive NSCLC had shorter median survival than ABCG4-negative NSCLC (20.1 vs. 43.2 months, P<0.001). The prognostic significance of ABCG4 expression was apparent in stages III and IV NSCLC. In conclusion, high ABCG4 expression was associated with a poor prognosis in patients with NSCLC treated with cisplatin-based chemotherapy.
Introduction
About 1.5 million new cases of lung cancer are diagnosed annually worldwide, and about 85% of them are non-small-cell lung cancers (NSCLCs) [1] . In 2012, about 58% of cases of NSCLCs occurred in the less developed countries [2] . Surgery is considered to be the best treatment option, but resection is only potentially curative for 20-25% of tumors [1] . Most patients will present with an incurable disease and face a 5-year relative survival rate of <17% with current standard therapies [3] . Postoperative chemotherapy, with or without radiotherapy, improves survival by 4% in terms of absolute 5-year survival, as demonstrated by a meta-analysis [4] .
Currently, cisplatin-based combination chemotherapy regimens are the most effective firstline therapies for the treatment of NSCLC, according to The National Comprehensive Cancer Network (NCCN) guidelines (version 4.2014) [5] . However, the efficacy of chemotherapy is limited, with response rates (RRs) of 20-35%, progression-free survival (PFS) of 3.1-5.5 months, and overall survival (OS) 7.4-11.3 months [6, 7] . Accordingly, improving outcomes after chemotherapy has been one of the most challenging issues in the successful treatment of lung cancer [8] . This is primarily attributed to drug resistance, which occurs in virtually all cancers and is a serious impediment to the success of chemotherapy [6, 7] . It is increasingly recognized that primary and secondary drug resistances developing in cancer cells are the most fundamental reason underlying chemotherapy failure [6, 7] .
Drug resistance is usually the result of the over-expression of ATP-binding cassette (ABC) transporters [9, 10] . ABC transporter proteins are optimal candidates as biomarkers for the prediction of chemotherapy resistance and prognosis after chemotherapy [11, 12] . ABC transporters are transmembrane proteins that facilitate translocation of heterogeneous substances across cellular membranes by utilizing the energy of ATP hydrolysis [13] . To date, at least 48 human ABC transporter genes have been identified, and they have been divided into seven subfamilies (ABCA through ABCG) [14] . Among these, ABCA2, ABCB1 (also known as P-glycoprotein or multidrug resistance 1 (MDR1)), ABCB4, ABCB11, ABCC1-6, ABCC10, ABCC11, and ABCG2 (also known as BCRP or MXR) have all been shown to be associated with the efflux and transportation of cytotoxic drugs (structurally diverse chemotherapeutic agents and their metabolites) from lung cancer cells, thus reducing intracellular drug concentrations [15] . ABCA1 has also been identified as mediating drug resistance in lung cancer and drug-resistant lung cancer cell lines [16] . Currently, P-gp (ABCB1), MRP1 (ABCC1), and ABCG2 are considered to be the main drug transporters for their roles in multi-drug resistance observed in many tumors and cell lines [17] . Although discovery and use of inhibitors for ABC transporters have been studied over the past years, these inhibitors were not completely successful in overcoming drug resistance [18] . As a result, identification of new ABC drug transporter proteins and investigation of their mechanisms and inhibitors are highly warranted and extremely important to evaluate new targets for overcoming drug resistance.
Several studies have demonstrated that the members of the ABCG (or White) subfamily are associated with cellular lipid transport and drug resistance [19] [20] [21] . ABCG5 and ABCG8 are highly expressed in epithelial cells of the intestine and likely act as a heterodimer; they have been associated with the efflux of plant sterols and cholesterol into bile [22, 23] . Over-expression of ABCG2 leads to resistance of various cancer cell lines to anti-tumor drugs [24] . ABCG4 is the fourth member of the "G" family, and is located on chromosome 11q23.3. This gene encodes a 3874-bp transcript, and its expression is predominantly intracellular [25] , but the exact intracellular localization is yet to be shown [26] . Indeed, the different ABC transporters may be localized in the cell membrane, on mitochondria, on the Golgi apparatus, on the endoplasmic reticulum, or in the nuclear membrane, where they participate in different cellular processes [26] . Moreover, according to previous studies [27] [28] [29] [30] , ABCG4 expression in NSCLC remains unclear. Previous studies have revealed that ABCG1 and ABCG4 are responsible for the transportation of cholesterol onto high density lipoprotein (HDL) particles [31, 32] , and over-expression of ABCG4 also confers resistance to alkyl-phospholipid analogues (miltefosine, edelfosine, and perifosine) in Leishmania [33] . However, whether ABCG4 plays a significant role in prognosis after chemotherapy, and whether it has potential function of mediating drug resistance in lung cancer also remain unclear. Therefore, the present study focused on understanding the expression and post-chemotherapy prognostic value of ABCG4 in NSCLC.
In this retrospective study, we investigated the expression of ABCG4 in NSCLC. We also evaluated the value of ABCG4 protein for predicting survival in NSCLC patients treated with cisplatin-based combination chemotherapy. Patients were aged 45-76 years (mean ± SD: 60.76 ± 6.88 years). All samples were reviewed by pathologists, and histological classification of tumors was performed according to the World Health Organization criteria. Tumors were classified as stage II (n = 42), III (n = 56), or IV (n = 42) according to the NCCN guidelines (Version 4.2014) [5] . Clinicopathological characteristics of all patients were recorded. No patient had received chemotherapy, radiotherapy, biotherapy, or any other operation before lung cancer surgery. All patients were treated with cisplatin-based combination chemotherapeutic regimens considered as standard postoperative regimens for NSCLC [5] . All patients received four cycles of cisplatin-based combination chemotherapeutic regimens ( , 2014, with a total follow-up period of 60 months. The day when chemotherapy started was considered as the starting point for estimating postoperative survival.
Materials and Methods

Patients and samples
All specimens were divided in two parts: the first part was placed in a 0.1% diethylpyrocarbonate (DEPC) water-treated freezing tube and stored at -80°C; the second part was fixed in 10% neutral buffered formalin and then dehydrated for paraffin embedding.
The study protocol was approved by the Regional Ethics Committee for Clinical Research of the Fourth Military Medical University. All patients provided written informed consent for the use of their medical records and tissue specimens for research purposes.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
Frozen tissue samples (100 mg) were harvested and ground into a fine powder. A549 cells were stably transfected with the pcDNA3.1 vector containing ABCG4 (Takara Bio, Otsu, Japan) using Lipofectamine 2000 (Invitrogen Inc., Carlsbad, CA, USA), according to the manufacturer's protocol. Cells were seeded in 6-well plates, and DNA plasmids and transfection reagent were added 24 h later. Transfected A549 cells were cultured in the presence of G418 (400 mg/ ml; Life Technologies Co., Grand Island, NY, USA). G418-resistant cells (A549-ABCG4) were picked for RT-PCR analysis.
RNA extraction was carried out using the Total RNA Kit I (Omega, Norcross, GA, USA). The concentration and purity of RNA samples were determined using absorbance at 260 and 280 nm (A260/280) by spectrophotometry (Beckman DU800, Beckman Coulter Inc., Brea, CA, USA).
cDNA synthesis was performed using a reverse transcription kit (Thermo Fisher Scientific, Waltham, MA, USA) using the Random Hexamer Primer, and RevertAid M-MuLV Reverse Transcriptase. PCR amplification was performed using 2×Taq Mastermix (CWBio, Beijing, China). Initial denaturation was conducted at 95°C for 5 min, followed by 30 cycles of denaturation at 95°C for 35 s, annealing at 51°C for 35 s, and extension at 72°C for 35 s, with a final extension at 72°C for 5 min (Table 1) . PCR products were analyzed on 2% agarose gels using a gel imager (Alpha Innotech, Santa Clara, CA, USA).
Western blot analysis
Frozen tissue samples (100 mg) were cut into small pieces and homogenized in a radioimmunoprecipitation assay (RIPA) buffer [1×PBS, 0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, 0.5% sodium deoxycholate, 10 μg/ml leupeptin, 100 μg/ml p-aminophenylmethylsulfonyl fluoride (p-APMSF) and 10 μg/ml aprotinin] on ice for 1 h, and centrifuged at 14,000 ×g for 30 min. A549-ABCG4 cells were lysed with the RIPA buffer on ice for 1 h and centrifuged at 14,000 ×g for 30 min. The supernatant was then harvested and the protein concentration was determined using the bicinchoninic acid (BCA) protein assay. Protein lysates (50 μg) were separated by 12% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes at 2.5 mA/cm 3 for 30 min. Membranes were blocked with 5% skimmed milk powder for 1 h at room temperature and incubated with the primary antibodies (anti-ABCG4 rabbit polyclonal antibody, 1:1000, Proteintech, Chicago, IL, USA; and anti-β-actin rabbit monoclonal antibody, 1:1000, CW Bio, Beijing, China) at 4°C, overnight. Membranes were then washed with TBST buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl and 0.1% Tween-20), and subsequently incubated with the secondary antibody (goat anti-rabbit antibodies, 1:5000, CW Bio, Beijing, China) at 37°C for 1 h, followed by color development using the Milipore chromogenic kit for western blots (Billerica, MA, USA) and observation under a chemiluminescence analyzer (Bio-Rad, Hercules, CA, USA).
Immunohistochemistry
Paraffin-embedded tissues were cut into 3-5-μm sections for dewaxing and rehydration. Immunohistochemistry was performed after microwave heating-based antigen retrieval in 0.1 M citrate buffer (pH = 6.0) followed by incubation with 3% H 2 O 2 at room temperature for 30 min, 10% goat serum at room temperature for 30 min, primary antibody (anti-ABCG4 rabbit polyclonal antibody, 1:40, Proteintech, Chicago, IL, USA) overnight at 4°C, biotin-labeled secondary antibody (CW Bio, Beijing, China) at room temperature for 30 min, and freshly prepared 3,3'-diaminobenzidine (DAB) for color development for 5 min. Sections were then thoroughly rinsed with water, re-stained with hematoxylin, dehydrated, cleared in xylene and mounted with a coverslip. The specificity of the anti-ABCG4 antibody was tested using ABCG4-blocking peptides (1:200; sc-34874; Santa-Cruz Biotechnology, Santa Cruz, CA, USA). The blocking peptides were added to the slides and incubated overnight at 4°C. Then, the primary antibody was added and revealed as described above. Specimens were classified as "positive" when the cellular membrane and/or cytoplasm were stained brown. Five high-power fields (400×) were selected at random, and each slide was evaluated independently by two experienced pathologists blinded to the clinical data. Phosphatebuffered saline (PBS), instead of the primary antibody, was used as a blank control.
Specimens were scored according to the staining intensity and the percentage of positive cells. The results were scored based on the following criteria: a) the percentage of positive cells (5%: 0; 6-25%: 1; 26-50%: 2; 51-75%: 3; and >75%: 4); b) the staining intensity (no color: 0; yellow: 1; brown: 2; and tan: 3); and c) the two grades were multiplied together and specimens were assigned to one of 4 levels: 0: negative (-); 1-4: weakly positive (+); 5-8: moderately positive (++); 9-12: strongly positive (+++) [34] . For multivariate analysis and comparison with the survival curves,-was defined as negative, and +, ++ and +++ were all defined as positive.
Statistical analysis
Statistical analyses were performed using SPSS 18.0 (IBM, Armonk, NY, USA). Associations between immunohistochemical expression and clinical variables were evaluated by Mann-Whitney U or Kruskal-Wallis H test, as appropriate. Overall survival was measured from the start of chemotherapy to the date of death from any cause or the date the patient was last deemed to be alive. Survival curves were estimated by the Kaplan-Meier method, and compared using the log-rank test. The Cox proportional hazards model was used for univariate and multivariate analyses. Correlations were assessed using the Spearman rank correlation analysis. The rank correlation coefficients were expressed as r s . 0.0r s <0.1 was regarded as uncorrelated; 0.1r s <0.3 was regarded as weakly correlated; 0.3r s 0.5 was regarded as moderately correlated; r s >0.5 was regarded as a strongly correlated. Two-sided P-values<0.05 were considered to be statistically significant.
Results
ABCG4 mRNA and protein expressions in NSCLC and normal lung tissues
To investigate ABCG4 mRNA expression in NSCLC and normal lung tissue samples, RT-PCR was performed on mRNA isolated from the NSCLC tissues (n = 14) and normal lung tissues (n = 2). Detection of a 383-bp PCR product corresponding to ABCG4 mRNA was observed in NSCLC tissues (Fig 1B) , while no such band was observed in normal lung tissues (Fig 1A) . Amplification of β-actin (416 bp) was clearly observed in both tissue types (Fig 1) .
To investigate ABCG4 protein expression in NSCLC and normal lung tissues, western blot analysis was performed in the set of samples used for RT-PCR. ABCG4 protein expression (60 kDa) was observed in NSCLC tissues (Fig 2B and S1 Fig), but not in normal lung tissues (Fig 2A) . β-actin (43 kDa) was used as a normalization control and was observed in both tissue types (Fig 2 and S1 Fig) .
These results indicated that ABCG4 mRNA and protein expressions were obviously different between NSCLC and normal lung tissues.
Expression of ABCG4 protein in NSCLC and normal lung tissues by immunohistochemistry
To further investigate the expression of ABCG4 protein in NSCLC, immunohistochemistry was performed on NSCLC (n = 140) and normal lung tissues samples (n = 90) (Fig 3) . No ABCG4 expression was seen in the normal tissue samples (Fig 3A) . Some of the NSCLC samples also showed no expression (-) (Fig 3B) , while other samples were weakly positive (+) (Fig  3C) , moderately positive (++) (Fig 3D) , or strongly positive for ABCG4 (+++) (Fig 3E) . ABCG4-negative staining was showed in the NSCLC tissue samples (++) using ABCG4 blocking peptide (Fig 3F) . Based on immunohistochemistry, ABCG4 expression was detected in 48.6% of NSCLC cases (68/140, 40 +, 23 ++, and 5 +++), and was not detected in any of the 90 normal lung tissue samples (P<0.001) ( Table 2) .
These results suggested that ABCG4 was expressed in NSCLC tissues, and that it was not expressed in normal lung tissues.
Association between ABCG4 expression and clinicopathological characteristics in patients with NSCLC
Having observed that ABCG4 was overexpressed in almost half of the NSCLC tissue samples, the association between ABCG4 expression and the characteristics of the patients were investigated. There was no significant correlation with gender, age, or smoking habits (all P>0.05). However, high ABCG4 expression was significantly correlated with lung adenocarcinoma (53.0%) rather than lung squamous cell carcinoma (44.6%) (P<0.001), in poorly (55.2%) rather than well/moderately (42.5%) differentiated NSCLC (P = 0.008), and with increasing tumor node metastasis (TNM) stage II, III and IV (31.0% vs. 53.6% vs. 59.5%, respectively) (P<0.001) ( Table 3) . Moreover, ABCG4 expression levels were weakly positively correlated with the increasing TNM stage (r s = 0.210, P = 0.013) (data not shown).
These data suggested that ABCG4 expression was associated with tumor differentiation, TNM stage and histological type, and that ABCG4 expression levels were positively associated with TNM stage.
Association between ABCG4 expression and survival of NSCLC patients treated with cisplatin-based chemotherapy
To investigate the relationship between ABCG4 expression and the clinical outcome of NSCLC patients treated with cisplatin-based combination chemotherapy, univariate and multivariate were significantly associated with a poor prognosis (Table 4) . Moreover, factors that were associated with a P-value <0.05 in univariate analysis were included into a multivariate analysis. Results showed that, besides the TNM stage (HR: 3.098) and differentiation (HR: 1.811), ABCG4 expression was an independent prognostic factor for survival of patients with NSCLC. The ABCG4-positive value for OS yielded a HR of 2.236 (Table 4 ). These results indicated that ABCG4 expression was an adverse prognostic factor in patients with NSCLC treated with cisplatin-based chemotherapy. OS curves are shown in Fig 4, according to the ABCG4 expression status. Median survival was 43.2 and 20.1 months in patients with ABCG4-negative and ABCG4-positive NSCLC, respectively (P<0.0001, Fig 4A) . Median survival was 54, 32, and 14.15 months in patients with stages II, III, and IV NSCLC, respectively (P<0.0001, Fig 4B) . Median survival was 39.5 and 25.2 months in patients with well/moderately and poorly differentiated NSCLC, respectively (P = 0.0008, Fig 4C) . Median survival in the ABCG4-negative group was 39.5 months, compared with 21.05 months in the ABCG4-positive group in stage III (P = 0.0002, Fig 4E) . Furthermore, median survival in the ABCG4-negative group was 31.9 months, compared with 13.8 months in the ABCG4-positive group in stage IV (P = 0.0226, Fig 4F) . However, median survival in the ABCG4-negative group was 54.2 months, compared with 50.1 months in the ABCG4-positive group in stage II, and there was no significant difference in OS with respect to ABCG4 expression (P = 0.8127, Fig 4D) .
Discussion
It has already been established that ABC transporters are involved in MDR and have an effect on the efficacy of chemotherapy regimens [11, 12] . The purpose of this study was to investigate ABCG4 and its expression in NSCLC in order to assess if there is an association between ABCG4 expression and patients' outcome after chemotherapy. In this study, we provided solid evidence for ABCG4 mRNA and protein expression in some samples of NSCLC tissue but not in any of the normal lung tissues. Moreover, ABCG4 expression was associated with different grades of differentiation, TNM stage, and histological type. Univariate and multivariate analyses suggested that TNM stage, differentiation, and ABCG4 expression were independent factors involved in prognosis in this population of NSCLC patients treated with cisplatin-based chemotherapy. These results suggested a worse survival in patients with ABCG4-positive NSCLC treated with cisplatin-based chemotherapy. ABCG4 expression was significantly higher in NSCLC tissue samples compared with normal lung tissue samples. Moreover, ABCG4 expression was associated with different grades of differentiation, TNM stage, and histological type. Previous studies have shown that despite similarities in sequence, structure, and function of MDR between ABCG2 (BCRP) and ABCG4, ABCG2 is not associated with gender, smoking history, performance status (PS), histological type, and TNM stage in NSCLC [35, 36] , while we observed associations between ABCG4 and histological type, differentiation grade, and TNM stage. One explanation may be that the specificity and diversity of sequence and structure between ABCG subfamily transporter genes contribute to this discrepancy. In addition, expression of ABC subfamily transporter proteins vary with clinical variables; for instance, ABCB1 expression is significantly higher in females than in males, and higher in non-squamous cell carcinoma than in squamous cell carcinoma in NSCLC. However, ABCC2 expression is significantly higher in stage IV NSCLC compared with stage IIIB, while there is no significant correlation between ABCC1/ ABCC3 expression and clinical variables in NSCLC [35] . This discrepancy needs to be investigated further. ABCG4 also shares some similarities with ABCG1. However, basal ATPase activity of ABCG4 is lower than that of ABCG1, and ABCG4 is not inhibited by the same drugs as ABCG1 [37] . However, the exact interaction and the role of this interaction between ABCG1 and ABCG4 still need to be elucidated [38] .
Previous studies have shown that ABCG4 mediates the efflux of endogenous steroids in cells and transfers them to high-density lipoproteins (HDL), thus helping to maintain cholesterol homeostasis [30, 39] . However, Castanys-Muñoz et al. have discovered that over-expression of ABCG4 is also involved in alkyl-phospholipid analogues (miltefosine, edelfosine, and perifosine) resistance in Leishmania [33] . The results of the present study suggest a shorter survival in patients with ABCG4-positive NSCLC treated with cisplatin-based chemotherapy. We speculate that patients with ABCG4-positive NSCLC may show resistance to cisplatin-based chemotherapy. We suggest that ABCG4 may serve as a molecular target for reducing drug resistance in NSCLC. The relationship between ABCG4 and drug resistance, and especially multi-drug resistance, will be more specifically addressed in future studies.
On the other hand, this was the first study to investigate the relationship between ABCG4 expression and prognosis in patients with NSCLC. Based on OS curves, ABCG4-positive patients had a shorter median survival time than ABCG4-negative patients except for stage II NSCLCs (P = 0.8127). Median survival was not significantly different in stage II NSCLCs, which may be because ABCG4 expression levels were relatively low in stage II NSCLCs, and that the number of ABCG4-positive patients with stage II NSCLC was relatively small (n = 13). Therefore, this result should be interpreted with caution. The univariate and multivariate analyses showed that besides TNM stage and differentiation, ABCG4 was independently associated with OS in NSCLCs treated with cisplatin-based combination chemotherapy. These results suggest that ABCG4 expression may be independent risk factor of prognosis and predictive biomarker in patients with NSCLC treated with cisplatin-based combination chemotherapy. Our results are consistent with those of Yoh et al. and Ota et al., which support a predictive role for ABCG2 in prognosis of NSCLC patients treated with cisplatin-based combination chemotherapy [35, 36] . In addition, we speculate that ABCG4 mRNA expression may be used to design individualized chemotherapy for NSCLC patients.
This study had some limitations. Indeed, the sample size was small, and a larger sample size would be preferable. We also had no healthy control subjects because lung resection in healthy individuals is highly invasive and unethical. However, the control tissues from the patients with NSCLC were histologically different from the tumor tissues and >5 cm away from the tumors, so we presumed this was an effective control under the circumstances. Finally, intracellular localization of ABCG4 will be assessed in a future work. Further studies will be perform on different NSCLC cell lines that overexpress ABCG4 alone or in combination with other ABC transporters, which should help to elucidate the exact role and function of ABCG4 in NSCLC.
Conclusions
This study strongly suggests that high ABCG4 expression is associated with poor prognosis in patients with NSCLC treated with cisplatin-based chemotherapy, and patients with ABCG4-positive NSCLC may show resistance to cisplatin-based chemotherapy. Moreover, the present study is the first to indicate a potential role for ABCG4 expression as an independent predictive factor of poor prognosis in NSCLC patients treated with cisplatin-based combination chemotherapy. However, further study with larger sample size and cells are needed to confirm these results, and the specific pathway and mechanism driving this effect need further study. These may lead to a novel approach for the reversal of resistance to chemotherapy drugs by understanding ABCG4 and its mechanism in NSCLC.
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